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SECTION 1

STRUCTURAL DESIGN CRITERIA

This section defines the design conditions for the airframe. Limit velocities are

given for flight and landing. Load factors are established for landing, flight, and handling

conditions. Possible off-design landing conditions are suggested. Specific loads are de-

fined for unique portions of the airframe.

The structural design criteria defines the operating environment for which the

LLRV is designed. Three general operating regimes are considered: flight, landing, and

handling. In the flight regime the design velocities are 60 feet per second horizontal or

100 feet per second vertical. However, the only portions of the airframe critical for air-

loads are the windscreen and the parachute attachment, so design loads in the flight regime

are produced by engine thrust. The design loads on the major portion of the airframe are

produced by the landing conditions, and these are discussed first in the following portions

of the criteria.

In all design landing conditions it is assumed that the landing surface is a concrete

runway and the vehicle is in a level attitude. One basic combination of landing parameters

is 6 feet per second vertical velocity, 3 feet per second horizontal velocity, with engine

thrust locked parallel to the vehicle vertical centerline equal to 2/3 the vehicle weight. At

3400 pounds vehicle weight, with one leg forward and infinite coefficient of friction, this

becomes condition number one for the design of the landing gear shock strut metering pin.

Since the above condition requires that the shock strut on the leading leg absorb

more than 25% of the vehicle kinetic energy, the four struts acting together in a level

landing, with no horizontal velocity, are capable of absorbing the energy of a 10 ft/sec

vertical landing. This becomes condition number two for the design of the metering pin.

The above two conditions and combinations of the two conditions are listed in

Table 1.1.

It should be noted that landings can be made at other than design conditions if spec-

ific requirements are reduced. Some of the more significant exceptions are listed:
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(1) No limit is necessary on horizontal velocity if the coefficient of friction between
the landingfeet and the runway is 0.5 or less.

(2) With engine in the local vertical mode, and zero horizontal velocity, the vehicle
can be landed on the runway in tilted attitudes up to 5° with engine thrust equal
to 2/3 vehicle weight and zero vertical velocity at initial impact.

(3) With the engine in the local vertical mode, and zero horizontal velocity, the
vehicle can be landed on the runway at any tilted attitude up to 40° with engine
thrust equal to vehicle weight and up to 4 ft/sec vertical velocity at initial
impact.

(4) On rough terrain with diagonally opposite feet contacting the ground simultan-
eously, andthe vehicle in level attitude, landings canbe madeat a vertical
velocity of 6 ft/sec with engine thrust equal to 2/3 vehicle weight.

(5) With the engine in the local vertical mode, and engine thrust equal to vehicle
weight, the vehicle canbe set downon rough terrain or slopes up to 40°, when
initial contact is made with zero horizontal velocity and 4 ft/sec vertical
velocity.

In all conditions where the engine thrust is 2/3 vehicle weight the maximum per-

missable limit shockstrut reaction is 2260pounds. At greater values of thrust the strut

reaction would be less.

The rubber mounts, which react the landing gear lateral loads, are designedto per-

mit the landing foot to deflect 6.75 inches sideways when one foot arrests the 3400Ib

vehicle moving at the design horizontal velocity of 3 ft/sec. This results in a 1700pound

lateral load at the bottom of the foot. The corresponding vertical load is calculated by

making the line of action of the resultant of the lateral and vertical loads pass thru the

center of gravity. A smaller vertical load would result in an overturning condition. A

greater vertical load would be less critical for the leg structure.

Four basic analysis conditions are displayed in Figure 1.1: vertical 4 leg landing,

vertical two diagonal leg landing, one leg side drift landing, and two leg side drift landing.

All the combinations of critical parameters for the flight conditions are shown in

Table 1.2. Not shown in the table are the jet engine pitch and roll actuator loads which are

superimposed on any condition. Either actuator can have a load of +3400 pounds, 0, or

-3400 pounds except that in the extreme travel positions (40 ° tilt) the actuator load is only

applied in a direction to return the engine to neutral.
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An additional airload condition, not indicated in the table, is deployment of the

recovery parachute. The maximum limit parachute load is 2500poundsapplied to any one

bridle in any direction in which it is possible for one bridle only to be loaded.

Handling conditions are shownin Table 1.3. Thesehave beenmade less severe

than the flight or landing conditions. It is assumedthat when the vehicle is transported it

will be mounted on the trailer on the vehicle landing gear. It should be noted that the air-

frame truss members are not designed to bear the weight of a man standing on any mem-
ber.

Two design weight configurations are used in the structural design and analysis:

3400poundsand 2600pounds. Theseare considered to be maximum and minimum landing

weight respectively. The 3400 poundweight represents a vehicle that has consumedsome

fuel in taking off and maneuvering into position to land. It is assumedthat normal landings

will be made after appreciable time in flight. Any landings made after flights of short

duration, with a vehicle weight greater than3400pounds,must be doneat less than design

velocities. The 2600poundweight represents a vehicle with some equipment offloaded and

most of the fuel consumed. The maximum weight of 3400poundsis used to establish the

design ground reactions based on the conditions listed in Table 1.1. These design ground

reactions are critical for the landing gear, legs, and portions of the center body structure.

To take advantageof this strength at the lighter vehicle weight (whichwill exist for most

landings) the same design ground reactions are used for the 2600poundvehicle to deter-

mine the design load factors for the portions of the structure which are critical for inertia

loadings. These higher 10adfactors for the 2600poundweight are also listed in Table 1.1.

Additional load factors to those listed are applied to special portions of the vehicle.

In order to insure that the fuel tanks will remain with the airframe in a crash which is

severe enoughto collapse the leg structure, the tank mounts are designedfor a vertical

limit load factor of 8.5. For a similar reason the seat support structure is designedfor a

limit load factor of 13.33 applied in any direction betweenvertical and 20° from vertical.

Other design conditions for the seat support are shownin Figure 1.2.

Design ultimate loads for the airframe are 1.5 times limit loads.

Report 7161-954001 1-3



TABLE 1.1

LANDING CONDITIONS

!COND i T'IoN V_ RT l_U

LE C; __ FOUR L_-=_ "I-_O LEG ONE
i

i WEIGHT- 3qoo _.6o_ 2_00 3'1o0 Z_OO 3HOO!

LiFT Z?..67 1733 qooo 2.2._ 7 17_3 11_7
.m

VELOCITY'

V P_.RTI c ._ U 10 IO }O 6 6

HORIZONTAL. ..... 3

STRUT LOAD

VERTICAL Z2.60 22.60 1690 22go 2.2gO 1260

LONGIT#D Ik/Ah .... . -- =2o0

LATKRAL ..... 12OO

LOAD FA_ R

1-4

n/ .nx -- --

2. O_

- I

I,OLt

.35"

._,_"

IDE DRI _]F

L_G
e

zg_ 3_o0

i79._ 22_7

6

3,q 3

1260 i I_.gO
I

12oo i __o0

_2oo i -

r
1
E

j.l_ i t._l
._Zi .Tt

1260

12O3

!
I

l i._U

lieport 7161-954001

I
I
I

I
I



,y

I 2z_o q,

I X_-- - X

Z 2_o IJ,.

Y

I TWO LEG VER'I"I,CAL LANDIMG (V s = d; _t-//s_e._)

rl_. _ 2_.oo

I
I

I
I

"__._o II.

Figure 1.1. Airframe Design Load Conditions (Sheet 1 of 2)

Report 7161-954001 1-5



ON _- L__C_

•_7oo rl,. ho_,....,_--,I

12._'o

v'_ r'F )c,_

I

I
I

I
I

I

_x = ,71 II

t?.&o Ik,

1
I

I
I

Figure 1.1. Airframe Design Load Conditions (Sheet 2 of 2)

1-6 Report 7161-954001



I

!
I

i

i

I
I
I

I

i

I

I

I

I
I

TABLE 1.2

FLIGHT CONDITIONS

VEHICLE _/GI_E. THRUST E._GIIqG" TILT I.-I,'_IT LOAD I=',,__T'_ '

W'Et GI}T JET _OCKE T PiTcff ROLL h_. Pt x

3=.1oo

]qoo

Z_oo

Z4oo

2.600

=.12.oo

H.Zoo

o

q2oo

1.1.2.O0

O

O

11OOO

LIO00

0

qO00

q 000

0

•-q0o:

0

0

,4=_0°
O

0

-J:_O°
,0

±qO °

o

*-q0"

0

.TqO °

0

,kqO _

.,lr._O°

0

0

LIO °qO"

0

0

.4=qo °

_yo °

0

0

:P.._O °

•-J::qO °

0
0

.t. HO °
qo"

o

o

.t:qo °
_qO °

0

0

*. qo °
h..qO °

I,Z3

,73

:-.90
2,1"L
2,1"7.
I ,ql

I,I+B

1.18

1,18
I,18

I,#,I
1.3.,I
I,z,.t
•':1(,

3,16
,78

Z.78
2,qq

I.S'9

),_-y

m

_,_o

+ • 90

m

1.1::.g0

u

= I,oq

..-+-,go

n/

±, go
,80

• - .9o

:t:= ,80

l

Report 7161-954001 1-7



1-8

TABLE 1.3

ItANDLING CONDITIONS

COMDIT|ON

"I'OWI_IG

HOISTING

JK;li'IN_,

TIEOOWN

WEIGHT

_3 Lt oc>

3Ltoo

lOAD I=ACTO R_R

Vr,.RTICA L

2..0

2,0

1,5"

HORIZONTAL

.71

0

0

ENGINE THR U3T

J E'I"

3 _)00

3HOO to
2_DO I,O HZOO

RocKET

LI O,OO

L..IH IT o1:" "T'l-I_

ARE ATTACHE D

T14_ VE-H W--LE;

Coil PoN F_ J',J'T"

ONLY,

P_.NGI_IE HAY' BE TILTED ON GIMBAL--<; -r-o THE

ACT'UA"r'oRS IF: GUY wIRi_S

AT EAcH "TIE" DoW_ _'IT'Ir'IU_ cN

L_S S RE,_C"T" -T'H-E L,_TE/_.,_L..

OF THRU.-R T • WITHOUT GL)Y

TIE DOWN LI M K'_q" AR'E

FOI:_ V E R'T" I C.A.L LO_D

Report7161-954001

I

I

I

I
I

I
I

I
I
I

I

!
I

I
I
I

I

1
I



Figure 1.2. Seat Support Structure Loads (Sheet 1 of 2)
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SECTION 2

COCKPIT SECTION

The primary structure of the cockpit consists of a platform supported by truss

members attached to the center body at four points. The main members of the platform

are two longitudinal side rails and several transverse beams under the floor. Weight

items are supported by the beams which are supported by the side rails. The side rails

beam the loads to the truss members. Design Loads result from inertia conditions, control

forces, and seat ejection. Pitching moments from the seat are not applied to the cockpit

structure but are applied to a separate seat support structure.
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SECTION 3

EQUIPMENT SECTION

The equipment support structure is adjustable to allow the center of gravity of the

equipment to be positioned before each flight so as to achieve the proper balance of the

entire vehicle. The adjustment is made possible by moving a large platform vertically on

a supporting truss, and moving a small platform horizontally (longitudinal or lateral) on

the large platform. Most of the equipment is mounted on the small platform, indexing

holes are provided on the small platform, to permit lateral movement, and on the large

platform to permit longitudinal movement. The supporting truss is a composite of beams

and axial loaded members. Indexing holes are provided in two vertical beams and two

diagonal members to permit vertical movement of the large platform.
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Vertical Beam Member BDE Limit Bending Moment (Left Side Case II)
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SECTION 4

ENGINE MOUNT

The engine mount is a built-up sheet metal ring surrounding the engine just above

the aft fan {the thrust axis is vertical). The cross-section of the ring is shaped so that the

inner surface blends into the upper surface to form the inlet bellmouth for the aft fan.

Fittings on the lower surface of the ring pick up two of the four mounting lugs on the aft

fan case. When viewed from the top and measuring clockwise with 0 ° forward, the two

fittings are at 135 ° and 315 °. A steady rest at 0 ° extends from the case of the engine to

the top of the ring. Fittings in the ring at 0° and 180 ° pick up roll bearings in the gimbal

ring. The fitting at 0 ° also supports the steady rest and incorporates the crank arm for

the roll actuator. The other end of the roll actuator is anchored to the gimbal ring.

The purpose of mount ring is to transmit loads from the vertical thrust engine to

the gimbal ring. The engine mount ring is designated as part number 7161-421003-1,

drawing number 7161-421003.

4.1. METHOD OF ANALYS_ .....

The analysis of the ring was performed on an IBM 7090 digital computer using the

Bell Aerosystems general purpose structural analysis program. This program utilizes

the matrix displacement method for the solution. Basic input data required is:

{1) Coordinates of all joints in a general structure coordinate system.

{2) Designation of type of element connecting the joints and element geometry.

{3) Type of material and temperature.

(4) Designation of load and restraint points.

{5) Loads.

From the input data the program evaluates the stiffness matrices for each ele-

ment, transforms them into the structure coordinate system and assembles a stiffness

matrix for the structure. This matrix is then inverted to give the flexibility matrix of the

structure. Multiplication of the flexibility matrix by the load vector yields the deflections

of the node points. Back substitution of the deflections into the element stiffness matrices

yields the forces in the individual elements.
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The ring was analyzed for the 19basic loading conditions discussed in Section 4.

From this information the member forces were combined by superposition to obtain the

92 in-flight conditions discussed in Section 5. During the combination assembly the mem-

ber_forces were scannedto obtain the maximum values in Table 8.2, Section 8.

4.2 GEOMETRYOF RING.

The geometry of the ring is shownin Figure 4.1. Load points are A, B, C. Loads

are designated as D1 through D8. Reaction points are D, E, F. Reactions are designated

R1 through R6.

4.3 BASIC LOADING CONDITIONS.

The basic loading conditions are subdivided into two groups.

(1) Landing Conditions

(2) In-Flight Conditions

Loading Information:

Vehicle Weight = 3400 lb

Engine Weight = 714 lb

Engine Thrust

Rocket Thrust

4200 lb (Limit)

6300 lb (Ultimate _ Use

4000 Ib (Limit

6000 lb (Ultimate)_ Use

Minimum Structural Weight Associated with Rocket Thrust Condition is
2600 lb_----- Use

Maximum Roll Angle = i40 °

Maximum Pitch Angle = +54 ° (Subsequent to the beginning of the analysis this

was changed to 40 ° - not here though!)

Minimum Rolling Moment (Associated with Maximum Roll Angle = +15,100 in.-lb

Minimum Pitching Moment (Associated with Maximum Pitch Angle) = +17,800 in.-lb.

Maximum Rolling Moment (Associated with Zero Roll Angle) = +26,800 in.-lb

Maximum Pitching Moment (Associated with Zero Pitch Angle = +29,700 in.-lb

Assume all loads are applied at the center of gravity of the engine. These loads are

then transformed into loads applied to the ring at points A, B, and C.
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SECTION 5

LEG

The vehicle has four legs to attach the four landing shock struts to the center body.

Each leg is a triangular truss with three main chord members. The lower portion of the

leg and each chord member (including the gussets) are heat treated and aged each as a sub-

assembly and then the leg is made a complete assembly by welding the diagonals to the

gussets. Only these welds are left in the as welded condition. Specifically these are the

welds attaching each diagonal except the 5 end of 5-9 and 5-12. Also the 8 and 11 ends of

the lower longerons are as welded. The remainder of the leg material is 6061-T6.

5.1 ANALYSIS OF LEGS.

The leg analysis was performed on an IBM 7090 digital computer using the Bell

Aerosystems general purpose structural analysis program. The mechanics of this program

are described in the discussion of the engine mount analysis. .

5.2 LEG GEOMETRY.

The geometry of the leg is shown in Figures 5.1, 5.2 and 5.3. Points at which loads

are introduced are Q and O " Support points are Q, Q and O ,at which

points the leg was assumed to be pinned to the center body struc,,*ure. The leg consists of

31 members, 9 of which are assumed to be axial force members. The remaining 22 mem-

bers were treated as flexural members in the analysis. Coordinates of the leg node points

are given in Table 5.1.
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Figure 5.1. Leg - Side View
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Figure 5.2. Leg- Front Elevation

ol
Figure 5.3. Lower Leg Schematic
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TABLE 5.1

LEG NODE POINT COORDINATES
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AXIAL FORCE MEMBERS
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SECTION 6

CENTER BODY

The center body consists of a lower structural ring, four upper chord members of

equal length arranged in a square, and eight diagonals from the four corners of the upper

square to four hard points equally spaced about the lower ring. The upper corners and the

lower hard points are the connections for the legs. The upper longeron of each leg is

attached to an upper corner, and the two lower longerons of each leg are attached to

adjacent hard points on the lower ring. The cockpit is mounted on the two forward upper

corners and two intermediate points on the lower ring. The equipment section is mounted

in a similar fashion on the aft side. Diagonal wires between opposite upper corners are

required to stabilize the upper square but may be detached temporarily during engine

removal.

6.1 ANALYSIS OF CENTER BODY STRUCTURE

The center body analysis was performed on an IBM 7090 digital computer using the

Bell Aerosystems general purpose structural analysis program. The mechanics of this

program are described in the discussion of the engine mount analysis.

6.2 CENTER BODY GEOMETRY

The center body structure consists of the members in the xy planes at elevations

z = 200.0 and z = 239.75, the connecting members between these planes, and the structural

ring. There are 39 members in this portion of the structure. The structural ring con-

sists of 24 flexural members. 15 axial force members make up the remainder of the

structure. The geometry of the structure is shown in Figure 6.1. Support points are (_

@ , @ ,and @ Specifically, the structure is restrained at @ in the z

direction, at 5_ in the y and z directions, at _1_ in the x and z directions, and at

in the y direction. Points at which loads are introduced are @, @, @, @,

@,@,@
have any restraint.

@
@

,andat @, @, @, @ in thosedirectionswhichdonot

Coordinates of the center cage node points are given in Table 6.1.
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TABLE 6.1

CENTER CAGE COORDINATES
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SECTION 7

H202 TANK TRUSS

Each tank is mounted at the vertical and longitudinal center of gravity of the

vehicle, one on each side of the center body. Each tank is supported by a pair of identical

(mirror image) three member trusses. Two lower members attach to the center body

lower ring, and the third member is attached to an upper corner. All of the longitudinal

inertia is carried by one truss of each pair and this is the one aiialyzed in this report.
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Figure 7.1. H202 Tank Truss Geometry
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SECTION 8

' GIMBAL RING

The gimbal ring is positioned in a horizontal plane at the vehicle center of gravity.

The function of the ring is to permit the engine to be mounted in avertical attitude and allow

the vehicle to be tilted 40 o relative to the engine in the pitch and/or roll direetion. To accom-

plish this motion, the ring co_alns two sets of be arin_ngs moun_d on horizonta!_ axes spaced

at 90 o to each other. The ring pitches on trtmnions mounted on two opposite hard points on the

center body lower ring on the vehicle y axis, thus pitching the vehicle relative to the

engine. The engine and engine mount roll on the bearings in the ring on the vehicle x axis.

The pitch actuator is anchored on the center body lower ring and operates on a crank arm

at the starboard bearing of the gimbal ring. The "roll actuator is anchored to the gimbal

ring and operates on a crank arm at the forward side of the engine mount on the same

fitting that picks up the forward bearing of the gimbal ring.

The ring is a square tube 3 inches on a side with a 0.156 inch wail thickness.

Diameter of the ring is 29:5 inches at the centerline of the tube. Fittings for the bearings

are inserted at four places and a fitting to anchor the roll actuator is attached at an inter-

mediate position. The pitch crank arm is machined integral with one of the bearing fittings.

The roll bearings are offset 0.375 inches down from the horizontal plane of the

pitch bearings. This is the amount of vertical deflection of the gimbal ring when subject to

a 1700 pound up load. The basis for this load is engine thrust (2500) minus engine weight

(800) at approximately midway during fligl_t in the lunar mode (vehicle weight is 3000

pounds).

8.1. ANALYSIS OF GIMBAL RING

The gimbal ring analysis was performed on an IBM 7090 digitalcomputer using the

Bell Aerosystems general purpose structural analysis program. The mechanics of this

program are described in the discussion of the engine mount analysis.

Report7161-954001 8-1



8,2. GIMBAL RINGGEOMETRY

The gimbal ring, when in the neutral position, lies in the xy plane at W.L. 199.812.

The engine mount is attached to the gimbal ring along the roll axis. The gimbal ring is

attached to the structural ring along the pitch axis.

For purposesof analysis, the gimbal ring was divided into 24 identically similar

elements, numbered as shown in Figure 8.1. The engine mount attachments are at node

points O and Q The gimbal ring to structural ring attachments occur at node

points Q and G A roll actuator is connectedbetween the engine mount and node

point Q on the gimbal ring. A pitch actuator is connectedbetween the structural ring
and a crank arm at the starboard mount betweenthe gimbal and structural rings.

Node points Q and (_ are support points in the analysis. The gimbal ring is

supported in the x, y, and z directions at these points and is fixed against rotation about

the pitch axis at nodepoint Q

Points at which loads enter the gimbal ring are nodepoints Q, Q,and (_

Inertia forces introduce themselves at points Q and (_ while roll actuator forces

enter the structure at point Q .
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Figure 8.1. Gimball Ring Elements
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TABLE 8.1

NODE POINT COORDINATES
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